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Respiratory syncytial virus decreases the capacity of myeloid dendritic cells to

induce interferon-y in naive T cells

H. BARTZ, O. TURKEL, S. HOFFJAN, T. ROTHOEFT, A. GONSCHOREK & U. SCHAUER Klinik fiir Kinder

und Jugendmedizin der Ruhr Universitit Bochum im St. Josef Hospital, Bochum, Germany

SUMMARY

Respiratory syncytial virus (RSV) is the most common cause of bronchiolitis in infants under
6 months of age. Since an RSV infection does not necessarily prevent a reinfection, we asked
whether RSV might subvert an effective immune response by interfering with the function of
dendritic cells (DCs). Immature DCs cultured from cord blood stem cells and infected with RSV
reduced the rate of interferon-y (IFN-y) production in co-cultured autologous naive T cells
stimulated with the superantigen TSST-1. Maturation of DCs in response to poly(IC) but not to
CD40 ligand did overcome the inhibitory effect of RSV. Further experiments demonstrated that
induction of apoptosis, a selective increase in CD86 expression and lack of release of pro-
inflammatory cytokines were associated with inhibition of IFN-y generation. In addition, RSV
replication seemed to be essential for modulation of IFN-y production because a virus preparation
inactivated by UV irradiation had no effect. Hence, one reason for multiple reinfections by RSV
might be the subversion of antiviral immune responses by interference of RSV with DC function.

INTRODUCTION

Respiratory syncytial virus (RSV) is best known for its tendency
to cause bronchiolitis in infants,"* but it can infect all age-
groups, causing upper and lower respiratory tract infections
ranging in severity from subclinical infections to pneumonia
and death.>® Repeated infections are common, and previous
infection does not prevent subsequent infections, even in
sequential years. Adults with previous natural RSV infection
and repeatedly challenged with RSV of the same strain group
developed a consistent rate of reinfection.” Thus, RSV, like
other pathogenic viruses,*® has most probably developed
mechanisms to subvert the antiviral strategies of the host.
The interaction of dendritic cells (DCs) and naive T cells has
now been recognized as playing a central role in the induction of
the immune response. Antigen is engulfed and processed by
immature DCs, which are found at body surfaces and in the
interstitial spaces of most tissues.'® Upon contact with antigen,
DCs mature and migrate from the peripheral tissues into the
draining lymph nodes and acquire the capacity to trigger naive
T cells and drive polarized T helper cell type 1 responses. The
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capacity to trigger T-cell responses depends on the number of
DCs and hence is modulated by apoptosis of DCs. Furthermore,
it depends on the expression of surface molecules and cytokine
secretionby DCs. Since viruses were shown to impair DC function
at multiple levels'"'> we asked whether RSV can efficiently
enhance apoptosis of DCs, whether RSV affects the expression
of surface molecules and cytokine production of DCs, and
finally whether RSV interferes with the capacity of DCs to
induce the production of interferon-y (IFN-y) in naive T cells.

MATERIALS AND METHODS

Generation of DCs from cord blood

Heparinized cord blood was obtained from newborns at the
Department of Obstetrics and Gynecology (Augusta or St
Elisabeth Hospital). Parents gave informed written consent
before the blood was studied. The study was approved by the
ethics committee of the medical faculty. Blood was drawn by
puncture of the umbilical vein of the placenta after maternal
blood had been wiped off. The blood for further cellular analysis
was placed in a 50-ml sterile Falcon tube (Falcon, Heidelberg,
Germany) containing 10 ml of Hanks’ balances salt solution
(HBSS) with 100 IU penicillin, 100 pg/ml streptomycin,
2-5 pg/ml amphotericin B and 50 IU/ml of heparin (Biochrom,
Berlin, Germany). Only samples less than 60-min-old were
processed. Mononuclear cells were isolated by Ficoll density
centrifugation. Haematopoietic stem cells were isolated
from mononuclear fractions through positive selection, using
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anti-CD34 coated microbeads (Miltenyi Biotec GmbH, Ber-
gisch Gladbach, Germany) and MiniMACS separation columns
(Miltenyi Biotec). In all experiments, the isolated cells were 95—
99% CD34 positive. Cells from the effluent of the MiniMACS
columns contained all other mononuclear cells including naive
T cells. These cells were cryopreseved in freezing buffer [10%
dimethyl sulphoxide (Sigma, Deisenhofen, Germany), 45%
RPMI-1640 (Biochrom), 45% fetal calf serum (Biochrom)]
at —196°. Haematopoietic progenitor cells were seeded at a
density of 2 x 10* cells/ml in 24-well, flat-bottom plates
(Nunc, Wiesbaden, Germany). Culture medium consisted of
endotoxin-free RPMI-1640 (Biochrom, Berlin, Germany) con-
taining 10% heat inactivated fetal bovine serum, 100 IU/ml
penicillin, 100 pg/ml streptomycin, 2 mM glutamine and 1 mM
sodium pyruvate (all from Biochrom). Cultures were supple-
mented with recombinant human granulocyte—-macrophage col-
ony-stimulating factor (100 ng/ml, Novartis, Niirnberg,
Germany) recombinant human tumour necrosis factor-o
(2-5 ng/ml; Peprotech, Rocky Hill, NJ) and recombinant human
stem cell factor (100 ng/ml; Peprotech). Cells were cultured at
37° in a humidified atmosphere in the presence of 5% CO, for
12 days and split when necessary. DCs were purified using
CD1a microbeads (Miltenyi Biotec) and an AutoMACS separa-
tion device (Miltenyi). These cells are referred to as immature
DCs.'* Immature DCs were challenged with poly(IC) (20 mg/
ml, Sigma), or with recombinant CD40 ligand (CD40L)
(0-1 pg/ml) trimerized by an enhancer molecule (1 pg/ml,
Alexis Biochemicals, Griinberg Germany) for 24 hr.

Preparation of RSV and infection with RSV

A viral stock (RSV Long strain) was prepared by infection of
HEp2 cells with a low input multiplicity of infection (MOI) as
described previously.'* When infection was advanced, cell
supernatants were harvested and then disrupted by ultrasonica-
tion. The debris was pelleted by low-speed centrifugation.
Supernatants containing viruses were frozen at —80°. Infectiv-
ity titres of stock viruses were determined by inoculation of
serial dilutions into HEp-2 cells. Virus growth was detected by
observation of typical cytopathic effects followed by immuno-
cytochemical staining of infected cell monolayers. Cell lines
and virus preparations were tested for mycoplasma by poly-
merase chain reaction with a mycoplasma detection kit as
described in the manufacturer’s manual (American Type Cul-
ture Collection, Manassas, VA). To inactivate the virus an
aliquot of the suspension was irradiated with ultraviolet light
(254 nm, 265 pW/cm?) for 15 min.

Fluorescence staining
Cultured cells were washed twice, the concentration was
adjusted to 2 x 10° cells/ml in HBSS and the cells were then
incubated with the appropriately diluted antibodies against
surface proteins for 20 min at 4°. Expression of co-stimulatory
molecules was detected by appropriate fluorescein isothiocy-
canate (FITC)-labelled antibodies specific for HLA-DR, CD86,
CD83, respectively (all from Pharmingen, San Diego, CA).
To determine the rate of RSV infection permeabilization of
the cell membrane was achieved by resuspension in 100 pl
HBSS containing 0-1% saponin and 0-01 M HEPES buffer
(saponin buffer). The permeabilized cells were incubated with

biotinylated goat-anti-RSV (Biodesign, Saco, ME) for 20 min
at 4°, washed with saponin buffer and subsequently incubated
with FITC-labelled streptavidin for 20 min at 4° in the dark.
After washing with saponin buffer the cells were resuspended in
200 pl HBSS for flow cytometric analysis.

Viability of the cells after RSV infection was evaluated by
staining cells with FITC-labelled annexin V (Pharmingen) and
propidium iodide (PI). The samples were analysed on a FACS-
can®™ using CELL QUEST software (Becton Dickinson).

Stimulation of naive T cells

Naive autologous cord blood CD4" CD45RA™ T cells were
obtained from the effluent of the stem cell separations by nega-
tive sorting with anti-HLA-DR, anti-glycophorin, anti-CD8§,
anti-CD56, anti-CD45RO magnetic beads (Miltenyi) using an
AutoMACS separation device (Miltenyi). For the superantigen
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Figure 1. Infection of DCs with RSV. Human cord-blood-derived DCs
were infected with increasing MOI of RSV. After 24 hr of infection at
37°, cells were fixed, permeabilized, and stained for RSV antigen. The
percentage of infected cells was determined by flow cytometry. (a) The
rate of infection depending on multiplicity of infection (MOI) and
pretreatment of the DCs. The results are expressed as mean +SD of four
independent experiments. ¥, CD40L-matured DCs; [, immature DCs;
A, poly(IC)-matured DCs. (b—d) Histograms obtained with (b) CD40L-
matured DCs, (c) immature DCs and (d) poly(IC)-matured DCs at a
MOI of 10. The solid lines delineate controls with FITC-streptavidin,
the shaded histograms controls with FITC-streptavidin and an irrelevant
biotinylated antibody and the bold lines delineate measurements with
anti-RSV antibody.
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stimulation DCs were further incubated for 1 hr at 37° with
mitomycin C (50 pg/ml, Sigma) washed and cultured at dif-
ferent numbers in 96-well plates (Nunc, Wiesbaden, Germany)
with 10 ng/ml TSST-1 (Toxin Technology, Sarasota, FL)) and
5 x 10* CD4™ CD45RA™ T cells/well. Plates were tested for
[*H]thymidine incorporation on day 5.

In parallel cultures 5 x 10* DCs and 5 x 10* naive T cells/
well were analysed for cytokine production by intracellular
staining. After 3 days of incubation, cytokine secretion was
inhibited by brefeldin 1 pM (Sigma Deisenhofen, Germany) for
16 hr. The cytokines were measured as described before.' Cells
were washed in HBSS (Biochrom, Berlin, Germany) and then
fixed in ice-cold HBSS containing 4% paraformaldehyde (Rie-
del-de Haén, Seelze, Germany) for 10 min. Cells were washed
twice. Permeabilization of the cell membrane was achieved by
resuspension in 100 pl HBSS containing 0-1% saponin (Sigma
Deisenhofen, Germany) and 0-01 m HEPES buffer (saponin
buffer). The permeabilized cells were incubated with FITC-
labelled antibodies against T-cell receptor (TCR) -V[f32 chain
(Beckman Coulter, Unterschleissheim, Germany), biotinylated
anti-IFN-y and phycoerythrin-labelled anti-interleukin-4 (IL-4)
(Pharmingen, Heidelberg, Germany) for 20 min at 4°, washed
and then incubated with streptavidin-Tricolor (Medac, Ham-
burg, Germany) for 20 min at 4°. After washing with saponin
buffer the cells were resuspended in 200 pl HBSS for flow
cytometric analysis.

Data acquisition and analysis

A FACScan® flow cytometer (Becton Dickinson, Mountain
View, CA) equipped with filter settings for FITC (530 nm) (FL-
1), for phycoerythrin (585 nm) (FL-2) and for Tricolor emitting
in deep red (< 650 nm) (FL-3) was used. Between 10 000 and
50 000 events were acquired in list mode and analyzed using
Lysis IT® software.

Enzyme-lined immunosorbent assay (ELISA)

Cytokines were measured with ELISA kits (R & D, Wiesbaden,
Germany) on cell-free supernatants. Data are expressed as
picograms per ml £ SD of triplicate cultures. The IL-12 ELISA
detects the bioactive IL-12p70 heterodimer only.

Statistical analysis
Results with and without RSV were compared by paired ¢-test as
indicated.

RESULTS
Infection of immature and mature DCs with RSV

Initial studies were designed to determine the infectivity of RSV
in immature and mature DCs. Immature DCs were allowed to
differentiate in culture for 12 days. Maturation was stimulated
by addition of either trimerized CD40L or poly(IC) for 24 hr.
The cells were infected with increasing MOI (Fig. 1). The
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Figure 2. Immature DCs infected with RSV die by apoptosis. Immature and mature DCs were uninfected or infected with RSV (MOI
10). The extent of apoptosis and necrosis was determined by staining the cells with FITC—annexin V and propidium iodide (PI) after

24 hr. Results shown are representative of four experiments.
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Figure 3. Surface phenotype of DCs exposed to RSV. Immature DCs
were left untreated or were stimulated for 24 hr with CD40L or poly(IC)
and subsequently treated with RSV (MOI 10) for further 24 hr. The
histograms show fluorescence values on gated large cells. The open
histograms represent the controls of DCs stained with isotype-matched
irrelevant mAb. The figures indicate the percentage of highly positive
(HLA-DR, CD86) or positive (CD83) cells for each sample. The data are
from one representative experiment out of six performed.

percentages of infected cells were measured 24 hr after infec-
tion by staining with a RSV-specific polyclonal antiserum. A
clear difference was observed in the percentage of infected cells,
which was two-fold higher in CD40L stimulated DCs compared
with poly(IC) matured DCs and immature DCs.

DCs infected with RSV die by apoptosis

RSV is highly cytopathic in several cell types.'® To determine
whether immature DCs infected with RSV were dying via
apoptosis, we stained immature and mature DCs infected with
RSV at a MOI of 10 with FITC-annexin V, which binds to
phosphatidylserine on the surface of cells undergoing early
apoptosis.!” After 24 hr of infection a significant number of
apoptotic cells (20% Annexin V', PI") and cells undergoing
secondary necrosis (2% Annexin V' and PI") were apparent
in the immature DC population (Fig. 2). DCs matured by
trimerized CD40L did not show enhanced apoptosis after
RSV infection. In contrast, DCs matured by poly(IC) were
resistant to the induction of apoptosis by RSV (Fig. 2, lower
panel) and showed even lower rates of apoptosis then DCs
treated with poly(IC) alone. The data indicate that RSV has
substantial cytopathic effects as a result of apoptosis in imma-
ture DCs.

RSV up-regulates membrane expression of CD86

To investigate whether RSV induces maturation of human DCs,
cord-blood-derived DCs were cultured with RSV (MOI 10) for
24 hr and then analysed for surface expression of major histo-
compatibility complex and co-stimulatory molecules. Figure 3
shows that RSV up-regulates predominantly expression of
CD86 in untreated immature DC as well as in DC matured
under the influence of CD40L or poly(IC). In contrast, RSV
induces only a modest increase in the expression of HLA-DR
and CD83, which are maturation markers for DC.

RSV induces cytokine production by DCs

The stimuli that induce DC maturation generally stimulate
secretion of cytokines by these cells. We therefore asked
whether RSV induced production of these mediators by DCs.
Figure 4 shows that while CD40L and poly(IC) stimulated the
secretion of different amounts of IL-6, IL-10, IL-12p70 and
IFN-a by DCs, RSV (MOI 10) induced the production of only
low concentrations of these cytokines. To address the question
whether RSV affects mature DCs we evaluated cytokine gen-
eration in DCs matured upon simulation with CD40L or
poly(IC). While IL-6 generation was only marginally affected,
RSV inhibited the generation of IL-10 and increased the gen-
eration of IL-12p70 and IFN-a in particular in poly(IC) matured
DCs.

T-cell priming and inhibition of IFN-y generation

RSV is known to modulate T-cell responses.'* Thus, we asked
whether RSV-treated DCs were able to prime naive T lympho-
cytes and whether T-cell polarization is perturbed. To this end,
DCs were first stimulated with RSV, poly(IC), CD40L, or left
untreated and then incubated with TSST-1, a superantigen that
activates preferentially T cells bearing the TCR-VB2 chain.
Purified CD4" CD45RA™ T cells were stimulated in the pre-
sence of autologous DCs. DCs that had been stimulated with
RSV (MOI 10), poly(IC), or CD40L all induced a high pro-
liferative response in naive T cells as compared to untreated DC
(Fig. 5).

We then analysed the pattern of IL-4 and IFN-y production
by TSST-1-activated, TCR-VP2-bearing T lymphocytes
(Fig. 6). The T cells polarized in the presence of RSV produced
less IFN-y in cultures with immature DCs or with CD40L-
matured DCs. In contrast, in the presence of DCs that had been
stimulated simultaneously with poly(IC) and RSV the propor-
tion of T cells producing IFN-y was increased compared to
cultures treated with poly(IC) alone. Inhibition of IFN-y gen-
eration was abrogated by UV irradiation of the virus suspension.
Under the chosen culture conditions RSV had no effect on IL-4
generation.

DISCUSSION

We have shown that immature DCs infected with RSV reduced
the rate of IFN-y production in co-cultured naive T cells.
Reduction of IFN-y generation by RSV is most probably a
mechanism whereby the virus evades the immune response of

© 2003 Blackwell Publishing Ltd, Immunology, 109, 49-57
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Figure 4. Modulation of cytokine production by RSV. DCs were treated with RSV (MOI 10) and supernatants were collected after
24 hr and analysed with specific ELISA. The results represent the means =SD of six independent experiments. Measurements with and
without RSV were compared by paired #-test. n.s., denotes not significant, *P < 0-05, **P < 0-01 and ***P < 0-001.

the host. Tt has been shown before that IFN-y'® rather than IFN-
o'® is essential for limiting RSV infections. In mice, the
resolution of RSV infection coincides with IFN-y production.?
Prophylactic intranasal IFN-y gene transfer decreases RSV
replication and infection.?' In human epithelial cells the IFN-
y-mediated inhibition of RSV infection involves the 2'-5'
oligoadenylate synthetase/RNase L pathway. T-cell responses
like IFN-y generation are modulated by DCs and viruses have
evolved several means to interfere with DC function.''

Interestingly, RSV-mediated reduction of IFN-y generation
was found in CD40L-matured but not poly(IC)-matured DCs.
To elucidate the mechanisms involved we asked whether the
reduction of IFN-y production could be attributed to modulation
of survival, expression of surface markers, or cytokine produc-
tion by DCs in response to viral infection.

In immature DCs RSV induced an increase in apoptosis. It is
conceivable that early apoptosis of RSV-infected DCs could

© 2003 Blackwell Publishing Ltd, Immunology, 109, 49-57

prevent efficient T-cell activation and could account for sup-
pression of cell-mediated immunity. Following lymphocytic
choriomeningitis virus infection in mice immune system-
mediated destruction of DCs results in generalized immune
suppression.”>

CD40L did not inhibit apoptosis nor did it enhance induction
of IFN-v, although it is a potent stimulus for DC maturation.
This might be because the CD40L-matured DC showed a
marked increase in the rate of RSV infection. This is in line
with a previous report showing that, CD40L does not inhibit the
cytopathic effect of influenza virus.>* Indeed CD40L-mediated
stimulation of DCs infected with measles virus has been shown
to enhance viral replication.”*

In contrast to CD40L, poly(IC) alone induced an increased
frequency of apoptotic DC and in parallel an augmented pro-
liferation and a slight increase of IFN-y generation in DC-T-cell
co-cultures. These observations are consistent with an increased
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Figure 5. Stimulation of naive CD4" CD45RA™ T cells. Immature
DCs were left untreated or were stimulated for 24 hr with the indicated
stimuli. An mixed lymphocyte reaction assay was then set up where
mitomycin-C-treated DC were cultured at different cell numbers with
5 x 10* purified autologous CD4" CD45RA™ T cells and incubated
with the superantigen TSST-1. The proliferative response was measured
after 5 days induced by RSV-infected DCs (MOI 10) is compared with
(a) immature DCs; (b) CD40L-matured DCs and (c) poly(IC)-matured
DCs;. The data from six experiments are presented as mean £SD.
Measurements with and without RSV were compared by paired #-test.
*P < 0-05; **P < 0-01.

degree of activation induced by poly(IC). Poly(IC) is a synthetic
source of dsRNA and activation of NF-kB through dsRNA-
activated protein kinase increases apoptosis® as well as co-
stimulatory properties of DCs.

In contrast, the combination of poly(IC) and RSV infection
induced a clear decrease in apoptosis, a decreased infection rate
and an increase in IFN-y induction in DC-T-cell co-cultures.
Interestingly, RSV has been demonstrated to inhibit NF-xB-
mediated apoptosis,?® an observation consistent with the results
of our experiments. In addition, latent 2’-5" oligoadenylate
synthetase which is constitutively expressed by DCs>’ is

activated by dsRNA to increase synthesis of 2'-5" oligoadenylate
that is required to activate RNase L. Activated RNase L non-
specifically degrades single-stranded RNAs and thus limits
virus production.”® This mechanism has been demonstrated
to be crucial for the inhibition of RSV replication.'® RSV-
mediated inhibition of IFN-y synthesis seems to be confined to
replicating virus because UV-irradiated virus preparations had
virtually no effect.

DC co-stimulatory activity depends largely on the expres-
sion of surface molecules.?® In our experiments, immature DCs
were only partially activated upon infection with RSV. DCs
infected by RSV displayed a significant increase in expression
of CD86 but only a minor increase in CD83 and HLA-DR
expression. An impaired expression of maturation markers has
been demonstrated for DCs infected with herpes simplex
Virus,3 0 hepatitis C virus®! and vaccinia virus.*? In addition,
it has been show that these viruses inhibit maturation of DCs
induced by other stimuli.

No inhibition of activation markers was demonstrated in
DCs matured with CD40L and poly(IC), indicating that RSV
infection does not interfere with maturation but selectively
induces CD86 expression. CD86 is recognized as the ligand
for CD28 and as a consequence activates an important co-
stimulatory pathway in the activation of naive T cells. Indeed,
CD28 engagement increases the expression of the down-mod-
ulatory molecule CTLA-4, induces the differentiation of T
helper type 2 (Th2) cells, and has an obligatory role in the
homeostasis of regulatory T cells.®* Thus, the selective increase
of CD86 expression may be one of the reasons why IFN-v is
down-regulated in our experiments. However, additional
mechanisms have to be involved because CD4(0L-matured
DCs induced decreased IFN-y production after RSV infection
but expressed high levels of the DC maturation markers CD83
and HLA-DR and conversely, poly(IC)-matured DCs, which
exhibited nearly the same expression pattern of surface markers
induced in increased production of IFN-y.

Cytokines released by antigen-presenting cells are a further
potential mechanism, which might influence T-cell polariza-
tion.** Whereas the generation of IL-6 is significantly influ-
enced neither by RSV nor by CD40L nor by poly(IC), the
generation of IL-10 is diminished by RSV in CD40L- as well as
poly(IC)-matured DCs. This finding was unexpected because
IL-10 generation in response to RSV has been described
before® and is known to decrease IFN-y production.*® How-
ever, previous work has shown that RSV stimulates IL-10
generation in macrophages rather than DCs.>*

RSV alone and in combination with CD40L induced low but
detectable levels of IL-12 generation but at the same time
suppressed the differentiation of IFN-y-producing cells. This
finding is also unexpected because IL-12 is a known stimulator
of Th1 differentiation.>”*® Recently, however, it has been shown
that IL-12 induces Th1 polarization in concert with IL-27, IL.-23
and IL-18.%° In this regard it is interesting that high IL-12 levels
and presumably other Thl polarizing cytokines were produced
in response to RSV infection in poly(IC)-matured DCs and that
this combination led to a significant increase in IFN-y-generat-
ing T cells.

The highly significant increase in IFN-o, another known
inducer of Thl differentiation,*® in response to poly(IC) and

© 2003 Blackwell Publishing Ltd, Immunology, 109, 49-57
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RSV supports this theory. The synergistic effect of poly(IC) and
RSV on IFN-y generation and thus on the Thl-polarizing
capacity of DCs might be explained by known mechanisms.
The transcription of type I IFN is shown to depend on the
dsRNA-activated protein kinase*' and IFN-o generation is
further enhanced by the virus-dependent phosphorylation of
interferon regulatory factor (IRF)-3 and )-7.42

In conclusion, we have shown that RSV infection of DC

suppressed IFN-y generation in co-cultivated naive T lympho-
cytes and that this effect was related to the induction of
apoptosis, a selective induction of CD86, and the decrease of
Thl polarizing cytokines. It remains to be shown whether
reduction of IFN-y production is related to clinical severity
in RSV bronchiolitis.
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